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cardiac; dichloroacetate; glucose; hypoxia; lactate; rainbow trout; sex differences BIOLOGICAL SEX and sex steroid hormones affect cardiovascular function and disease in humans and other mammals (9, 46) . For example, premenopausal women are more resistant to ischemic heart disease than men of similar age (45) , and the female advantage is lost after the onset of menopause (42) . Not surprisingly, sex steroids have been hypothesized to help define sex differences in the heart and outcomes associated with cardiac disease. Although estrogen is generally considered cardioprotective and testosterone is viewed as detrimental to mammalian heart function, a mechanistic understanding of sex steroid benefits and impacts on pathophysiological outcomes is lacking (9) .
Experimental studies using rodent models have also provided evidence for sex-related differences in myocardial responses to ischemia and reperfusion. Hearts from young adult female rats are generally less susceptible to postischemic contractile dysfunction than age-matched male hearts (2, 8, 47) , and experimental removal of systemic estrogen via ovariectomy is associated with poor recovery of contractile recovery after an ischemic insult (74) . Specific mechanisms for sexbased differences in cardiovascular responses to acute ischemic events remain to be defined but may be modulated by systemic levels of estrogen (16) , possibly through actions on cardiomyocyte Ca 2ϩ handling (57) . Sex differences in cardiac excitation-contractile (E-C) coupling, sarcoplasmic reticulum (SR) Ca 2ϩ release, and Ca 2ϩ transients have been reported in normal rat ventricular myocytes, with female myocytes having lower E-C coupling gain, less SR Ca 2ϩ release, and smaller Ca 2ϩ transients than male myocytes (26) . Sex differences in preischemic and postischemic contractile function may also be directly related to myocardial substrate utilization and different patterns of glucose catabolism. In mammals, exogenous glucose provides beneficial effects on electromechanical cardiac function during and after recovery from hypoxia (19) . Glycolysis is elevated in female nonhypertrophied hearts compared with male nonhypertrophied hearts, whereas glucose oxidation is lower in female versus male hearts (59) . The extent to which glucose is metabolized oxidatively versus nonoxidatively appears to be a key determinant of postischemic myocardial function, with the recovery of heart function after ischemia inversely related to rates of nonoxidative glycolysis (60) . Moreover, stimulation of glucose oxidation and/or reduction of glycolysis improve function of ischemia-reperfused hypertrophied rat hearts (58, 71) .
The majority of laboratory animal studies on sex-dependent differences in the cardiovascular system have used rodents; however, there is a growing appreciation that sex differences in the cardiovascular system are not confined to mammals. Using fish as experimental models can provide novel insights because of their evolutionary significance, diverse physiological ecology, and cardiac plasticity (32, 55) . With almost 30,000 species, fishes show the highest diversity among vertebrates, and mammals and fishes share common morphological, physiological, and pathological features in their cardiovascular systems. Rainbow trout (Oncorhynchus mykiss) are of particular interest because these fish exhibit 1) selective hypertrophy of the single ventricle associated with increasing androgens (18) and development of systemic hypertension in males during sexual maturation (15) , 2) coronary arteriosclerosis in both sexes (23), 3) proportional growth of cardiac capillaries in male rainbow trout in response to physiological ventricular hypertrophy (13) , and 4) hyperplastic cardiac growth that accompanies somatic growth (24) and therefore a sustained capacity for cardiac regeneration (5) . Cardiac function in healthy rainbow trout requires aerobic metabolism for ATP production, and the rainbow trout heart is well endowed with mitochondria (14) . Similar to mammalian cardiac muscle, the glycolytic pathway is also important in the hypoxiaintolerant rainbow trout heart to support mechanical performance under aerobic conditions (35) .
Our recent studies have highlighted metabolic and functional sex differences in hearts of rainbow trout that are similar to mammalian sex differences, and yet the differences between male and female rainbow trout may not be tied directly to circulating sex steroids. Cardiac tissue from sexually immature female rainbow trout prefers aerobic glycolysis and exogenous glucose for ATP production compared with cardiac tissue from male rainbow trout (7), which stores more endogenous glycogen (37) and can release more Ca 2ϩ from their sarcoplasmic reticulum (SR) (7) . Female ventricle strips do not maintain contractile force or resting tension in vitro under aerobic conditions as well as male preparations, whereas male preparations do not preserve contractile function as well as female preparations after hypoxia and reoxygenation (7) . Inhibition of the glycolytic pathway during aerobic incubations of rainbow trout ventricle strips results in incomplete relaxation, increased resting force, and decreases in twitch force (22, 35) . However, compared with the mammalian heart, little is known about the relationship between anaerobic and aerobic energy metabolism in fish hearts. Alterations in myocardial glucose oxidation via mitochondrial pyruvate dehydrogenase [PDH; Enzyme Commission classification no. (EC) 1.2.4.1], the rate-limiting enzyme for glucose oxidation, might explain fundamental sex differences in ventricular energy metabolism and contractile function in rainbow trout.
One pharmacological strategy to improve mammalian cardiac function during aerobic reperfusion after ischemia and increase cardiac efficiency has been to stimulate PDH with dichloroacetate (DCA, an inhibitor of PDH kinase, EC 2.7.11.2), and increase the rates of myocardial glucose and pyruvate oxidation while decreasing lactate production and fatty acid oxidation (44, 49, 66, 68) . To explore the potential for using sexually immature rainbow trout as an experimental model of sex-related differences in cardiovascular physiology, we reexamined the functional limitations of isolated cardiac tissue from female rainbow trout and tested the hypothesis that acute stimulation of PDH with DCA normalizes Ca 2ϩ homeostasis in aerobic female preparations and increases hypoxia tolerance and cardioprotection in male preparations.
MATERIALS AND METHODS
Experimental animals. Ten-month-old sexually immature male and female rainbow trout weighing ϳ250 -300 g were obtained from Clear Springs Foods (Buhl, ID), transported to the Aquatics Research Facility at Idaho State University (Pocatello, ID), and held in 1,000-liter circular tanks containing dechlorinated, filtered, UV-sterilized water at 14 Ϯ 1°C. Fish were fed commercial trout pellets (45% protein, 20% carbohydrate, and 20% fat, dry weight basis), 1% of body weight every other day between 1500 and 1700 hours, exposed to a constant 12:12-h light-dark photoperiod, and held for 1-2 wk before experiments. All experiments were conducted in accordance with the National Institutes of Health guidelines (NIH Pub. No. 78-23, 1978) , and were approved by the Animal Welfare Committee of Idaho State University.
Ventricle strip preparation for contractile and biochemical measurements. Individual fish of unknown sex were netted rapidly and euthanized by blunt trauma to the head. Ventricles were excised, weighed, and placed in ice-cold, freshwater teleost Ringer solution modified from Hoar and Hickman (40) containing (in mM) 111 NaCl, 5 KCl, 0.5 NaH 2PO4, 10 NaHCO3, 1.5 CaCl2, 1.0 MgSO4, and 5.0 glucose and equilibrated with 99.5% O 2-0.5% CO2 at pH 7.6 at 14°C. Unless noted otherwise, chemicals were purchased from SigmaAldrich (St. Louis, MO) and were of analytic grade. The concentrations provided represent final concentrations during incubations. A portion (ϳ50 mg) of each ventricle was also frozen immediately using aluminum clamps precooled in liquid nitrogen and stored at Ϫ80°C. The sex of each fish was determined by visual or microscopic examination of the gonads, and the gonads were weighed.
Uniform strips (weighing ϳ15-25 mg, 4 -5 mm long ϫ 0.7-1.0 mm wide) containing both compact and spongy layers were cut from each ventricle using a single-edge razor blade. Each strip was vertically mounted, tied at its base and apex with 3-0 surgical silk, and attached to an isometric force transducer (model ISDB-4, World Precision Instruments, Sarasota, FL) between platinum electrodes. Strips were suspended in 25-ml water-jacketed organ baths maintained at 14°C and containing oxygenated (99.5% O 2-0.5% CO2) Ringer solution for 60 min (equilibration period). PO2 was measured in tissue baths using a microrespiration cell (model RC200, Strathkelvin, Glasgow, UK) and calibrated Clark-type electrode (model 1302). Each ventricle strip was used for only one experiment. Ventricle strips were field stimulated with a voltage that elicited full contraction (40 -60 V, 2-to 3-fold higher than threshold) at a physiological frequency (0.5 Hz) with 5-ms square wave pulses (Grass S88 Stimulator, Grass Medical Instruments, Quincy, MA). The length of each strip was increased gradually to a value where maximum isometric force production was achieved (Lmax), and muscle length was then reduced to 90% Lmax to avoid damage to the preparation. After equilibration, contracting ventricle strips in selected experiments were exposed to fresh Ringer solution without 5 mM glucose for another 60 min (incubation period) to determine the specific effects of glucose and/or pharmacological compounds. Unlike isolated mammalian papillary muscle, which has a parallel fiber arrangement, the ventricle strip from rainbow trout has a heterogeneous fiber orientation. Measurements of isometric twitch force [F; or developed force (in mN)] and resting tension [RT (in mN)] in rainbow trout ventricle strips were therefore normalized to percentages of baseline values obtained after the initial stabilization period, which is consistent with other laboratories (6, 36, 64) . Baseline F, set as 100% original twitch force, was established after 60 min and defined as time 0. Contractile performance was assessed by measuring F, RT, time to peak force (tp), and time to 80% relaxation (t0.8r) using a dataacquisition system (BioPac MP100, BIOPAC, Santa Barbara, CA) and software (AcqKnowledge, version 3.8.2, BIOPAC). We also measured the postrest potentiation (PRP) of F at the end of selected experiments to assess SR Ca 2ϩ storage and subsequent release (21) . Maximum contraction frequencies under aerobic conditions. To increase the energy demands of cardiac tissue and establish limits for mechanical performance, oxygenated ventricle strips from male and female rainbow trout were electrically paced at increasing stimulation frequencies. After equilibration in Ringer solution with 5 mM glucose at 0.5 Hz for 60 min, preparations were exposed to fresh Ringer solution with or without glucose and allowed to contract for another 60 min. Baseline F was set as 100% after 120 min and established the beginning time for experiments. Strips were then stimulated at 0.2-2.0 Hz, with frequency changed every 15 min. Frequency thresholds were defined as the minimum frequency at which mechanical alternans (i.e., alterations of large and small contractions) was observed. We also examined whether the SR was affected at different contraction frequencies by pretreating ventricle strips with ryanodine (10 M) for 15 min after the equilibration period, before frequency testing, and PRP was measured at each frequency. A previous study (34) on rainbow trout cardiac tissue demonstrated that this concentration of ryanodine reduces the contribution of the SR to E-C coupling. The exposure time of tissue to ryanodine before PRP measurements was 75 min for 0.2 Hz and between 150 and 180 min for the highest stimulation frequencies.
Acute effects of DCA on cardiac performance during different oxygenation states. Although it is unlikely that DCA will gain extensive clinical use, it has been a valuable research tool for elucidating the benefits of increased pyruvate oxidation on ischemic and reperfused mammalian hearts (67) . Based on preliminary experiments using 0.25-2 mM DCA and 15-to 60-min incubation times (n ϭ 4; data not shown), we chose a DCA concentration of 1 mM and preincubation time of 15 min to maximize DCA effectiveness in rainbow trout cardiac tissue at the lowest possible concentration and exposure time. After equilibration, ventricle strips were either pretreated with DCA dissolved in Ringer solution to stimulate PDH or sodium cyanide [NaCN; 2 mM in Ringer solution, pH adjusted to 7.6 with HCl (38) ] to maximally stimulate anaerobic glycolysis for 15 min followed immediately by the addition of 5 mM glucose. While the present study did not focus on the impacts of exogenous glucose on cardiac function, glucose was used in conjunction with DCA for comparative purposes and metabolic insights. Controls remained either glucose free or received 5 mM glucose and contracted for another 60 min under aerobic conditions. We also evaluated the acute effects of DCA or NaCN on ventricle strips exposed to hypoxia (99.5% N 2-0.5% CO2, PO2: 10 -20 mmHg) for 30 min followed by reoxygenation for 30 min. All experiments with hypoxia and reoxygenation were conducted with 5 mM glucose present. At the end of experiments, a sample of Ringer solution was collected, deproteinized [1:1 (vol/vol) with 6% HClO4], and ventricle strips were freeze clamped at the temperature of liquid N2. Samples were stored at Ϫ80°C until media lactate (30) and tissue citrate (17) were measured. The release of lactate from the perfused rainbow trout heart (4), much like the rat heart (43), parallels rates of nonoxidative glycolysis. Conversely, an increase in cytosolic citrate from mitochondria can inhibit glycolysis in rat hearts (33) .
Circulating sex steroids. Heparinized blood samples (10 U/ml) were taken from the caudal vessels immediately after euthanasia, and plasma concentrations of testosterone, 11-ketotestosterone (11-KT), and 17␤-estradiol (E2) were determined by radioimmunoassy following the procedure of Sower and Schreck (65) as modified by Fitzpatrick et al. (29) . The sensitivities of the assays were as follows: 0.63 ng/ml for E2 and testosterone and 1.26 ng/ml for 11-KT. All plasma samples were kept frozen at Ϫ80°C, and a single set of steroid extractions and assays was conducted.
Statistical analysis. Data are expressed as means Ϯ SE of absolute values or percent changes (F, RT and PRP). One independent data point per ventricle strip was taken for all measurements. Variables reflecting cardiac performance (F, RT, tp, and t0.8r) were recorded every 5 min after equilibration and were averaged for five consecutive waveforms. Comparisons between sexes were made using Student's t-test (physical characteristics, lactate efflux, and tissue citrate), and effects of sex and treatment were analyzed using univariate ANOVA (DCA and NaCN experiments) or repeated-measures ANOVA (frequency trials) with a Tukey-Kramer post hoc test using SAS software (version 9.1.3, Cary, NC). Data were log transformed when normality was not achieved. The corresponding figures and tables reflect nontransformed raw data for increased clarity. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Physical and hormonal characteristics of experimental animals. Body mass, fork length, ventricle mass, relative ventricle mass, gonad mass, and gonadosomatic index (GSI) were not different between male and female rainbow trout ( Table 1) . The small size of testes and ovaries (GSI Ͻ 0.5%) suggested that male and female rainbow were sexually immature. This observation was confirmed by measurements of circulating sex steroids. For a subset of female rainbow trout (n ϭ 12), testosterone, 11-KT, and E 2 were undetectable (Ͻ1.3 ng/ml) in plasma. Male rainbow trout (n ϭ 15) had very low levels of plasma testosterone (2.9 Ϯ 0.6 ng/ml) and 11-KT (4.1 Ϯ 0.9 ng/ml) and undetectable E 2 .
Male ventricle strips can be paced at a higher frequency than female ventricle strips with less dysfunction. As shown in Fig. 1A and Table 2 , F decreased at 0.5 Hz compared with 0.2 Hz and as stimulation frequency was increased above 0.8 Hz (P Ͻ 0.001 by repeated-measures ANOVA), illustrating the well-established negative force-frequency relation in fishes (62) . The frequency threshold for mechanical alternans was higher for male preparations (1.79 Ϯ 0.04 Hz) versus female preparations (1.36 Ϯ 0.02 Hz, P ϭ 0.02 by repeated-measures ANOVA). RT was selectively increased in female ventricle strips with increasing stimulation frequency (P Ͻ 0.01 by repeated-measures ANOVA; Fig. 1B ), and pretreatment with ryanodine further increased RT in female preparations (P Ͻ 0.01 by repeated-measures ANOVA). For male and female ventricle strips, PRP increased with increasing stimulation frequencies, and male ventricle strips had higher PRP values at 0.2 and 0.5 Hz than female ventricle strips (P Ͻ 0.05 by repeatedmeasures ANOVA). For both sexes, ryanodine reduced PRP at 0.2 Hz and 0.5 Hz (P Ͻ 0.05 by repeated-measures ANOVA) and increased t 0.8r at frequencies of Ն0.8 Hz (P Ͻ 0.05 by repeatedmeasures ANOVA), providing indirect evidence for SR activity at different contraction rates. t p decreased as stimulation frequency increased (P Ͻ 0.05 by repeated-measures ANOVA). t 0.8r was shorter for male preparations at 0.2 and 0.5 Hz (P Ͻ 0.05 by repeated-measures ANOVA).
Exogenous glucose and DCA provide sex-specific benefits for resting tension and contractile performance after hypoxia and reoxygenation. Male ventricle strips that received glucose and contracted at 0.5 Hz under aerobic conditions had increased F (P ϭ 0.031 by ANOVA; Fig. 1 ), increased t p (P Ͻ 0.001 by ANOVA; Table 3 ), lower t 0.8r (P Ͻ 0.001 by ANOVA; Table 3 ), and higher PRP values compared with glucose-free controls and female preparations under identical Values are means Ϯ SE. Relative ventricle mass ϭ (ventricle mass/body mass) ϫ 100; gonadosomatic index ϭ (gonad mass/body mass) ϫ 100. Physical characteristics were not different between male and female rainbow trout.
conditions (P Ͻ 0.001 by ANOVA; Table 3 ). Exogenous glucose also increased t p in female ventricle strips compared with glucose-free controls (P Ͻ 0.001 by ANOVA; Table 3 ). Pretreatment of aerobic ventricle strips with DCA in the absence of glucose did not affect F in either sex (P ϭ 0.58 by ANOVA; Fig. 2 ). However, DCA lowered RT below baseline values (P Ͻ 0.001 by ANOVA; Table 3 ), reduced t 0.8r (P Ͻ 0.001 by ANOVA; Table 3 ), and increased t p (P Ͻ 0.001 by ANOVA; Table 3 ) in female ventricle strips compared with glucose-free controls. In the absence of exogenous glucose, DCA also increased PRP in both sexes (P Ͻ 0.001 by ANOVA; Table 3 ). The addition of DCA to exogenous glucose did not affect F compared with glucose alone in both sexes (P ϭ 0.20 by ANOVA; Fig. 2 ) or PRP in male rainbow trout (P ϭ 0.90 by ANOVA; Table 3 ). On the other hand, the combination of DCA and glucose increased PRP in female preparations (P Ͻ 0.01 by ANOVA; Table 3 ) to values identical to male preparations and increased t p in male preparations compared with glucose controls (P Ͻ 0.001 by ANOVA; Table 3 ).
Hypoxia for 30 min and NaCN treatment to inhibit aerobic metabolism reduced F in ventricle strips from both sexes (P Ͻ 0.001 by ANOVA; Fig. 2 ) to values Ͻ20% of original values. NaCN treatment also increased RT by 40 -55% compared with controls (P Ͻ 0.001 by ANOVA; Table 3 ). After reoxygenation of hypoxic ventricle strips for 30 min, male preparations that received DCA and glucose recovered F better than glucose controls (P Ͻ 0.001 by ANOVA; Fig. 2) . Conversely, DCA treatment did not increase F after reoxygenation in female preparations that received glucose (P ϭ 0.99 by ANOVA; Fig. 2) .
Sex-specific effects of DCA on lactate efflux and tissue citrate concentration. Lactate efflux was higher in female ventricle strips exposed to aerobic conditions and hypoxia compared with male preparations under identical conditions (P Ͻ 0.01 by ANOVA; Fig. 3 ). Pretreatment with DCA decreased lactate efflux in aerobic female preparations compared with controls (P Ͻ 0.01 by ANOVA; Fig. 3 ). Under hypoxia, DCA also reduced lactate efflux in ventricle strips from female and male rainbow trout (P Ͻ 0.01 by ANOVA; Fig. 3 ). In contrast, pretreatment with NaCN increased lactate efflux in both sexes (female Ͼ male) under all oxygenation states (P Ͻ 0.001 by ANOVA; Fig. 3) .
The initial concentration of citrate was 2.7-fold higher in ventricles from male rainbow trout compared with female rainbow trout (P Ͻ 0.01 by ANOVA; Fig. 4) . During aerobic incubations, DCA with or without exogenous glucose did not affect tissue citrate levels in either sex (P ϭ 0.60 by ANOVA; Fig. 4 ). Citrate was reduced in male ventricle strips after hypoxia-reoxygenation in the absence of DCA compared with the initial aerobic value (P Ͻ 0.01 by ANOVA; Fig. 4) , and DCA increased citrate in the presence of glucose (P Ͻ 0.05 by ANOVA; Fig. 4 ). On the other hand, male and female ventricle strips pretreated with NaCN exhibited significant reductions in citrate under aerobic conditions (P Ͻ 0.001 by ANOVA; Fig. 4 ) and after hypoxia-reoxygenation (P Ͻ 0.001 by ANOVA; Fig. 4 ).
DISCUSSION
The possibility of metabolic optimization in a nonmammalian heart was studied for the first time in male and female rainbow trout. This study specifically investigated acute effects of DCA on sex differences in cardiac performance and energy metabolism. The results extend previous data suggesting that the metabolic phenotype of female rainbow trout hearts differs from that of male rainbow trout hearts before sexual maturation (7) . Similar to the mammalian heart, acute treatment of rainbow trout ventricle strips with DCA improved mechanical and metabolic function under O 2 -limiting conditions and recovery. Our data also indicate that there are significant sex differences in DCA effects and that these effects involve glycolytic and oxidative pathways for ATP production and Ca 2ϩ homeostasis by the SR. Fig. 1 . A: effects of varying contraction frequencies (0.2-2.0 Hz) on isometric twitch force (F) and resting tension in ventricle strips from male and female rainbow trout. The original recording of twitch force production in trout ventricle strips from one fish of both sexes showed a decrease in absolute twitch force and increase in resting tension (female fish only) at higher frequencies. The temporal scale at each frequency was varied to capture at least two contraction cycles. After the equilibration period (60 min at 0.5 Hz), ventricle strips from both sexes contracted for 15 min (or until steady performance at a specific frequency was observed) at each frequency tested. All ventricle strips contracted at increasing pacing frequencies until we observed mechanical dysfunction. B: effects of pretreatment with ryanodine (Ryn; 10 M) on ventricle strips from both sexes. Values are means Ϯ SE; n ϭ 6 -7 independent data points for male and female preparations. *P Ͻ 0.05 and **P Ͻ 0.01 vs. the initial value.
The use of sexually immature rainbow trout as an experimental model for sex differences in myocardial physiology provides a novel opportunity to elucidate determinants of phenotypic sex differences and myocardial plasticity in the absence of circulating sex steroids. Similar to mammals, sex steroids act as endogenous inducers of sexual maturation in fishes: E 2 in female fish and androgens in male fish (28) . However, there is strong correlation between GSI and plasma androgen levels in male and female rainbow trout (61) . In female rainbow trout, peak levels of E 2 (ϳ20 ng/ml) are achieved ϳ1 mo before ovulation, whereas testosterone and 11-KT peak ϳ1 wk before ovulation at ϳ200 and 20 ng/ml, respectively (62) . In closely related coho salmon (Oncorhynchus kisutch), plasma concentrations of testosterone and 11-KT rise in male coho salmon during spermatogenesis, with 11-KT levels (150 ng/ml) exceeding testosterone levels (ϳ60 ng/ml) (29) .
In the present study, 10-mo-old, 300-g rainbow trout had either very low levels of plasma androgens (male fish: Ͻ5 ng/ml) or nondetectable levels of sex steroids (female fish). These data confirm our assessment of gonadal development via GSI values and support the maturation history of rainbow trout from Clear Springs Foods. Male and female rainbow trout typically reach sexual maturity at 2 yr of age and a body weight of ϳ900 -1,300 g when reared in 14°C freshwater. However, some male rainbow trout are precocious and reach sexual maturity at 1 yr. This characteristic probably explains the low but detectable levels of testosterone and 11-KT in male rainbow trout sampled in the present study. An important extension of the present study will be to assess functional and metabolic differences in cardiac physiology during sexual maturation, with increased plasma levels of E 2 in female rainbow trout and increased androgens in both male and female rainbow trout.
Although ventricle strips from male and female rainbow trout developed similar F values (ϳ 6 mN) under control conditions (aerobic, 0.5-Hz stimulation frequency) with glucose as the sole exogenous substrate (present study and Ref. 7) , sex differences in contractile function occur under increasing energy demands due to elevated stimulated frequencies. The frequency threshold for mechanical dysfunction was lower in female versus male preparations, and RT was also selectively increased in female ventricle strips. Similar to the present results, rainbow trout of unknown sex Values are expressed as either percentages or absolute means Ϯ SE. Ryn, ryanodine; F, isometric twitch force; PRP, postrest potentiation; tp, time to peak force; t0.8r, time to 80% relaxation. Ventricle strips from male (n ϭ 6) and female (n ϭ 7) rainbow trout were subjected to increasing stimulation frequencies after the equilibration period (0.5 Hz for 60 min). Each ventricle strip contracted at a particular frequency for 15 min or until steady performance was observed. The frequency threshold (observation of mechanical alternans) occurred at a higher frequency in male (1.79 Ϯ 0.04 Hz) than female (1.36 Ϯ 0.02 Hz, P ϭ 0.02) preparations. Data were not recorded beyond threshold frequency in both sexes. The percent F for each frequency was calculated with respect to absolute Fmax (in mN) for both sexes (5.39 Ϯ 0.98 in male preparations and 5.88 Ϯ 0.88 in female preparations) at 0.5 Hz during the 60-min equilibration period. The exposure time of tissue to Ryn before PRP measurements was 75 min for 0.2 Hz and between 150 and 180 min for the highest stimulation frequencies. *P Ͻ 0.05 or **P Ͻ 0.01 vs. 0.2 Hz for each sex; ‡P Ͻ 0.01 vs. controls (no Ryn) within each sex; §P Ͻ 0.05 vs. female preparations within each treatment at a given frequency.
acclimated and tested at 17°C, respectively, exhibited a negative force-frequency relationship and incomplete mechanical restitution at pacing frequencies of Ͼ1.25 Hz (1). Shiels et al. (62) also reported an increased diastolic Ca 2ϩ and a frequency-dependent reduction in Ca 2ϩ current, which likely explain the increased RT in female rainbow trout and negative force-frequency relationship, respectively, in both sexes observed in the present study.
In adult mammals, the SR is the major source of contractionactivation Ca 2ϩ and the major Ca 2ϩ sink during relaxation (10).
Similar to developing mammals, the majority of Ca 2ϩ required for myocardial contraction in fish comes from extracellular sources across the sarcolemma, and the functionality/role of the SR in the regulation of beat-to-beat ventricular contraction in most fish has been questioned (63, 69) . Consistent with the present results, others (63) have shown in rainbow trout cardiac tissue that the inhibitor of SR function ryanodine only reduces force of contraction at low contraction frequencies and cannot eliminate PRP. Although ryanodine was only effective at reducing PRP at 0.2 and 0.5 Hz in both sexes (Table 2) , ryanodine was very effective at 
Values are expressed as either percentages or absolute means Ϯ SE. Treatments included dichloroacetate (DCA; 1 mM) or sodium cyanide (NaCN; 2 mM). Contractile values for controls (glucose-free and 5 mM glucose-treated groups) were combined under their respective variables from all experiments. Values from each experiment were compared to their respective controls for the statistical analysis. PRP, tp, and t0.8r from the NaCN ϩ glucose-treated group were not detected (ND). *P Ͻ 0.05 vs. female ventricle strips; †P Ͻ 0.01 vs. the glucose-free control group; ‡P Ͻ 0.01 vs. the glucose-treated control group for respective contractile variables within each sex. Effects of pretreatment with dichloroacetate (DCA; 1 mM) or sodium cyanide (NaCN; 2 mM) on F under aerobic conditions and after hypoxia-reoxygenation. Control strips either remained glucose free (Gf) or received 5 mM glucose (G). The presence (ϩ) and absence (Ϫ) of specific compounds in the incubation medium are shown. Absolute Fmax (in mN) was not significantly different between male (6.18 Ϯ 0.78) and female (5.88 Ϯ 1.08) preparations during the 60-min equilibration period. Values are means Ϯ SE; n ϭ 6 -9 independent data points for male and female preparations. *P Ͻ 0.05 and **P Ͻ 0.01 vs. controls; †P Ͻ 0.05 and §P Ͻ 0.01 vs. male preparations with glucose and no DCA under hypoxia-reoxygenation.
increasing RT at higher frequencies (Ն0.8 Hz) in female preparations (Fig. 1B) , suggesting that SR uptake of Ca 2ϩ may be more important and limiting at high contraction frequencies. The lower contraction frequency threshold, higher RT, longer t 0.8r , reduced PRP values, and negative impacts of ryanodine on RT of female versus male ventricle strips further highlight the sex differences in contractile capabilities and myocardial Ca 2ϩ handling under aerobic conditions. Cardiomyocytes from female rats have lower E-C coupling gain, less SR Ca 2ϩ release, and smaller Ca 2ϩ transients than cardiomyocytes from male rats (26) . In the absence of ovarian hormones, sexually mature female rats also show suppressed cardiac SR Ca 2ϩ uptake and sarco(endo)plasmic reticulum Ca 2ϩ -ATPase activity (12) . Whether the absence of E 2 and other sex steroids in female rainbow trout compromises SR function in a manner similar to ovarectomized rats is a distinct possibility and worth additional research.
Consistent with a previous study in mammals (19) , exogenous glucose increased contractile force in fully oxygenated cardiac tissue from sexually immature male and female rainbow trout (Fig. 2) . Previous studies (7, 22) from our group have demonstrated that the addition of 5 mM glucose, but not pyruvate or lactate, to aerobic female ventricle strips normalizes RT. Farrell et al. (25) also showed that 10 mM exogenous glucose increases maximum cardiac output and power output in rainbow trout hearts (sex not mentioned) that were perfused in situ. Given the results from the present and previous studies on rainbow trout (7, 22, 25, 35) , it appears that glycolytically derived ATP from glucose is an important requirement for maximum cardiac performance and the maintenance of diastolic relaxation. We cannot assume, however, that exogenous glucose is the only substrate for lactate production or pyruvate oxidation in the rainbow trout heart. It is clear, however, that under the present experimental conditions used, endogenous glycogen cannot support the glycolytic energy requirements for maintaining resting tension in aerobic female cardiac tissue. Our finding that ventricular preparations from rainbow trout release lactate under "fully" oxygenated conditions (buffer PO 2 Ͼ 600 mmHg) is consistent with previous studies for this species (7, 31) and suggests that ATP turnover from glycolysis and anaerobic lactate production was occurring, especially in female rainbow trout (7) . However, the observed lactate efflux from ventricle strips during oxygenated conditions (ϳ100 -250 nmol·min Ϫ1 ·g Ϫ1 ; Fig. 3 (53), and 1 molecule of ATP is produced per lactate molecule, glycolysis could account for 5% of ATP production in male rainbow trout and 12% in female rainbow trout. Whether lactate efflux from oxygenated ventricle strips in the present study reflects hypoxic regions in preparations and possible sex differences in thickness of the ventricular compact layer, myoglobin content, mitochondrial function, and/or capacity for glycolytic flux will require further investigation. In addition, more definite studies of potential sex differences in the contributions of anaerobic versus aerobic metabolism for myocardial ATP production and mechanical performance might help explain the beneficial effects of exogenous glucose in female rainbow trout and DCA for male rainbow trout.
DCA, unlike exogenous glucose, did not impact F in aerobic ventricle strips from rainbow trout (Fig. 2) , suggesting that the stimulation of carbohydrate oxidation, per se, does not increase Ca 2ϩ -mediated activation of contractile proteins. DCA pretreatment, by itself or in combination with exogenous glucose, decreased RT in aerobic female ventricle strips, and DCA was much more effective than glucose (Table 3) . By decreasing lactate efflux in aerobic female ventricle strips by 75% (Fig. 3) , DCA appears to reduce RT by a different mechanism than exogenous glucose, which increased lactate efflux by ϳ50% (Fig. 3) . We posit that both exogenous glucose and DCA stimulate glycolytic activity and ATP production. It is conceivable that exogenous glucose increases glycolytic flux in female rainbow trout cardiomyocytes by stimulating facilitated glucose uptake, elevating intracellular glucose and using a feedforward mechanism, whereas DCA enhances glycolysis to a greater degree by increasing PDH activity, pyruvate oxidation, and reducing lactate production. Although exogenous glucose increased lactate efflux during aerobic conditions, it is also possible that intracellular pyruvate levels were also increased, stimulating PDH activity and therefore glucose oxidation and ATP production. DCA has been shown to stimulate both glycolysis and glucose oxidation in the aerobic mammalian heart (67). Ultimately, the reason for impaired pyruvate oxidation in female cardiac tissue or sex differences in DCA effects during aerobic conditions are unclear but may be related to higher activities of competing enzyme lactate dehydrogenase (EC 1.1.1.27) in female versus male rainbow trout (7) and, therefore, lower levels of intracellular pyruvate or reduced glycogenolysis (7) .
Independent of its metabolic effects, DCA may also open voltage-dependent K ϩ channels, causing membrane hyperpolarization and decreasing the concentration of intracellular Ca 2ϩ (48) . These actions would promote cardiomyocyte relaxation and help explain the striking reduction of resting tension in DCA-treated female ventricle strips (Table 3) . However, if DCA opens voltage-dependent K ϩ channels in rainbow trout cardiomyocytes, it is not clear why DCA treatment did not affect male preparations in a similar manner.
Under aerobic conditions, DCA pretreatment and exogenous glucose also elevated PRP in male and female ventricle strips contracted at 0.5 Hz compared with glucose-free controls (Table  3 ). This finding points to the SR and Ca 2ϩ handling as regulatory targets for the actions of glucose and DCA. In the mammalian heart, it has been proposed that glycolytically derived ATP is preferentially used for Ca 2ϩ reuptake into the SR and maintenance of diastolic relaxation (41, 72) . Both glucose and DCA could be stimulating glycolytic production of ATP, which supports myocardial SR function and increased storage of Ca 2ϩ in rainbow trout. It is noteworthy that the combination of exogenous glucose and DCA selectively increased PRP in female preparations beyond the independent effects of glucose and DCA, implying separate and additive mechanisms of DCA in female cardiac tissue.
Other mechanisms may explain the observed link between DCA-stimulated PDH activity, alterations in myocardial energy metabolism, and enhanced intracellular Ca 2ϩ homeostasis in rainbow trout cardiac tissue. For example, glycolytically produced ATP also reduces intracellular Na ϩ by enhances Na ϩ efflux via Na ϩ /K ϩ -ATPase (20) . This, in turn, would potentially reduce reverse-mode Na ϩ /Ca 2ϩ exchange activity and Ca 2ϩ overload in the female cardiomyocyte, reducing RT. We also cannot discount the possibility that the cytosolic redox state and balance between cytosolic and mitochondrial redox potential (73) could be important in the rainbow trout heart. Ultimately, the determination of whether DCA pretreatment and exogenous glucose provide similar benefits for increasing glycolytic activity and maintaining cytoplasmic ATP levels cardiac tissue from female rainbow trout will require further investigation. Future studies are also needed to determine whether DCA enhances cardiomyocyte SR Ca 2ϩ uptake and/or Ca 2ϩ release and alters the utilization of endogenous glycogen or triglyceride in the aerobic rainbow trout heart.
The detrimental effects of hypoxia, ischemia, and reperfusion on the mammalian heart are well known and provide key insights to the pathology and treatment of human ischemic heart disease (39, 70) . Fish live in water with variable O 2 content and display different degrees of myocardial hypoxia tolerance. Rainbow trout, much like mammals, possess a heart that rapidly fails under O 2 -limiting conditions (4) . Similar to our present and previous results for ventricle strips (7) , when the rainbow trout heart is exposed to hypoxic conditions in situ (PO 2 Ͻ 5 mmHg), contractile performance declines and anaerobic glycolysis and lactate efflux can increase Ͼ10-and 35-fold, respectively (4). Lactate also increases in the mammalian myocardium and blood during hypoxia secondary to cardiac failure or ischemia (3) . High concentrations of lactate are known to exert deleterious effects on the recovery of the heart after reperfusion (50) . Interestingly, male rats are more susceptible to postischemic contractile dysfunction than female rats (2, 8, 47) , and male rainbow trout preparations do not preserve contractile function as well as female rainbow trout preparations after hypoxia and reoxygenation (present study and Ref. 7) .
Common therapeutic strategies have been to increase glucose use and glycolytic ATP production by the diseased heart (19) and use DCA for metabolic therapy (11, 67) . Similar to the mammalian heart, acute treatment of ventricle strips from male rainbow trout with DCA improved mechanical and metabolic function under O 2 -limiting conditions and recovery (Figs.  2-4) . The recovery of heart function after ischemia has been inversely correlated with rates of nonoxidative glycolysis (60) , and stimulation of glucose oxidation and/or reduction of glycolysis improve the function of ischemia-reperfused hypertrophied rat hearts (58, 71) . Our results showing decreased lactate efflux in DCA-treated ventricle strips from male and female rainbow trout (Fig. 3) suggest that DCA enhanced myocardial oxidation of pyruvate, even at relatively low PO 2 values (10 -20 mmHg). In male rainbow trout, the fact that citrate, a key intermediate in substrate fuel partitioning, was increased by DCA in the presence of exogenous glucose after hypoxiareoxygenation may provide a mechanism for reducing glycolysis at the levels of phosphofructokinase (33) and reflect increased mitochondrial oxidation of fatty acids (56) . Interestingly, the reported citrate concentrations for rainbow trout are either much higher (52) or at the upper range (51) compared with mammalian cardiac values. Overall, both lactate and citrate appear to be markers of metabolic sex differences and related to the beneficial effects of DCA in sexually immature rainbow trout. However, simple measurements of metabolite concentrations in tissue or in the medium surrounding tissue may not accurately reflect intracellular metabolite fluxes. A more detailed assessment of glycolytic flux and oxidation of exogenous glucose, glycogen, and intracellular triglyceride would help to better define cardiac sex differences and the mechanisms by which DCA improves Ca 2ϩ handling and hypoxia tolerance in rainbow trout.
Finally, we cannot be sure that the sex-based differences observed for rainbow trout at Clear Springs Foods are identical in other strains of rainbow trout or rearing facilities. A previous study (27) has demonstrated significant intraspecific differences in myocardial hypoxia tolerance for rainbow trout. It is also important to note that our conclusions are based solely on in vitro preparations that do not incorporate a full complement of metabolic energy sources and circulating hormones. Thus, while the present study provides evidence for conserved metabolic and functional properties between rainbow trout and mammalian hearts, it remains to be determined whether our findings in vitro can translate to sex differences in mammalian cardiac function or be used in the development of a comparative model to study human cardiovascular disease.
